Abstract. In the recent years it can be observed increasing popularity of parallel processing using multi-core processors, local clusters, GPU and others. Moreover, currently one of the main requirements the IT users is the reduction of maintaining cost of the computer infrastructure. It causes that the performance evaluation of the parallel applications becomes one of the most important problem. Then obtained results allows efficient use of available resources. In traditional methods of performance evaluation the results are based on wall-clock time measurements. This approach requires consecutive application executions and includes a time-consuming data analysis. In the paper an alternative approach is proposed. The decomposition of parallel application execution time onto computation time and overheads related to parallel execution is use to calculate the granularity of application and then determine its efficiency. Finally the application scalability can be evaluates.
Introduction
In the recent years there has been rapid development of new technologies related to the evolution of the technical possibilities offered by computer hardwareincreasing calculation speed, decreasing communication time, increasing bandwidth communications, etc. Moreover it can be observed increasing popularity of parallel processing by using multi-core processors, clusters, GPU and others. Equally important as the evolution of the information systems are changes of the requirements of the IT users. Increasingly, the basic requirement of the IT users are not systems, offering improved processing speed, but ones that will reduce the cost of maintaining infrastructure. It causes that performance evaluation constitutes an intrinsic part of every application development process. In parallel programming the goal of the design process is not to optimise a single metrics, a good design has to take into consideration memory requirements, communication cost, efficiency, implementation cost, and others. Therefore performance evaluation of parallel programs is very important for the development of efficient parallel applications.
In the paper [1] three categories of performance metrics have been proposed. The first are speedup metrics that show how faster results can be obtain when using some number of processing units comparing with using only one processing unit. The second one are efficiency metrics that determine the percentage of CPU utilization during parallel program execution. And finally scalability, which say how application behaves when increasing the number of available processing units and/or the size of the problem being solved. In the paper all of these metrics will be used for performance evaluation of parallel application.
In general the performance analysis can be carried out analytically or through experiments. The paper focusses on the second approach. Independently on the used measurement method during experimental performance evaluation of parallel programs is the need to measure the run time of sequential and parallel programs, which is time consuming. In the paper the method, which overcomes above problem is proposed. Basing on the concept of granularity and decomposition of the parallel application execution time onto the computation time and the overhead time presented in [2, 3] we show that by measurement only wall-clock time and computation time it is possible to evaluate the performance of parallel programs. The paper extends previous one by presentations results of experiments performed up to 4096 processing units (cores) and by scalability analysis.
The paper is organised as follows. Section 2 briefly describes different performance metrics and two main approaches to scalability analysis -strong and weak scalability. How granularity can be used in performance evaluation is presented in section 3. The next section illustrates the experimental results obtained during evaluation of two parallel algorithms, strong and weak scalability are considered. Finally, section 5 outlines the work and discusses ongoing work.
Performance Metrics and scalability analysis
During performance evaluation of parallel applications different metrics are used [4] . The first one is the parallel run time (t runtime ). It is the time from the moment when computation starts to the moment when the last processor finishes its execution and is composed of three different times: computation time (t comp ) is the time spent on performing computation by all processors, communication time (t comm ) is the time spent on sending and receiving messages by all processors and idle time (t idle ) is when processors stay idle. The next commonly used metric is speedup, which captures the relative benefit of solving a given problem using a parallel system. There exist different speedup definitions. Generally the speedup (S) is defined as the ratio of the time needed to solve the problem on a single processor to the time required to solve the same problem on a parallel system with p processors. Theoretically, speedup cannot exceed the number of processors used during program execution, however, different speedup anomalies can be observed [5] . Both above mentioned performance metrics do not take into account the utilisation of processors in the parallel system. While executing a parallel algorithm processors spend some time on communicating and some processors can be idle. Then the efficiency (E) of a parallel program is defined as a ratio of speedup to the number of used processors. In the ideal parallel system the efficiency is equal to one but in practice efficiency is between zero and one, however because of different speedup anomalies, it can be even greater than one.
The last performance metrics is scalability of the parallel system. It can be considered in different ways, we can use it for hardware, algorithms, data bases, execution environment, etc. One can say that currently it is one of the most important performance metrics. In general it can be say that it is a metrics, which consider the "system" capacity to increase speedup in proportion to the number of available processors. There are a lot of approaches to modelling the scalability, for example by using so called isoefficiency analysis [4] , Universal Scalability Model proposed by the Neil Gunther [6] , H-isoefficiency function [7] and others.
One can find two different approaches to way in which scalability is defined [8] . The first one based on Amdahl law (1) is called strong scalability. The strong scalability is also called scalability with a fixed size of the problem, it means that our goal is to minimize the program execution time by using more processing units. It means that we can say that system is scalable when increasing number of processing units are used effectively. For example, when the number of processing units equals 8 and the speedup received equals 8, too, then we have excellent scalability. This approach is the pessimist because of indicates a bounded speedup.
where n denotes the number of processing units, p denotes the non-scaled fraction of the application parallel part and T (1), T (n) execution time at 1 and n processors respectively.
The second one is weak scalability that based on Gustafson law (2) . The week scalability is also called the scalability with variable problem size, when the problem size increased at the time when the number of processing units increased (the input is fixed for each processor). We say that a system is scalable when the efficiency (execution time)is the same for increasing the number of processors and the size of the problem [4] . This approach is the optimistic because of indicates an unlimited speedup.
where n denotes number processing units, p * denotes the scaled fraction of the application parallel part and T (1), T (n) execution time at 1 and n processors respectively.
Using Granularity for Performance Analysis
In general the granularity of a parallel computer is defined as a ratio of the time required for a basic communication operation to the time required for a basic computation operation. Let's define the granularity of the parallel algorithm similarly as the ratio of the amount of computation to the amount of communication within a parallel algorithm execution (G = T comp /T comm ). Above definition can be used for calculating the granularity of a single process executed during program execution on each processor as well as for the whole program by using total communication and computation times of all program processes. Then let's use the overhead function, which is a function of problem size and the number of processors and is defined as follows [4] :
where W denotes the problem size, T p denotes time of parallel program execution and p is the number of used processors. The problem size can be defined as the number of basic computation operations required to solve the problem using the best serial algorithm. Let us assume that a basic computation operation takes one unit of time. Thus the problem size is equal to the time of performing the best serial algorithm on a serial computer. Based on the above assumptions after rewriting the equation (3) we obtain the following expression for parallel run time:
Recalling that the parallel run time consists of computation time, communication time and idle time, let's assume that the main overhead of parallel program execution is communication time. The total communication time is equal to the sum of the communication time of all performed communication steps. Assuming that the distribution of data among processors is equal then the communication time can be calculated using equation T total comm = p * T comm . Note that the above is true when the distribution of work between processors and their performance is equal. Similarly, the computation time is the sum of the time spent by all processors performing computation. Then the problem size W is equal to p * T comp . Therefore the expression for the efficiency takes the form:
It means that using the concept of granularity we can calculate the efficiency and speedup of parallel algorithms. Concluding above consideration it is possible to evaluate a parallel application using such metrics as efficiency, speedup and scalability by measuring only the computation and wall-clock times during execution of parallel version of a program on a parallel computer. Deeper presentation of the above discussion can be find in [2] .
Case studies
To confirm the usefulness of the theoretical analysis presented in the previous sections the series of experiments were performed. During the experiments two different algorithms were used: K-means and Monte Carlo method (calculation of Pi number). The tests were executed on the BEM cluster at Wroclaw Centre for Networking and Supercomputing (720 homogeneous nodes (2 procesors) Intel Xeon E5 2670 v3). For both algorithms the strong scalability was checked and weak scalability was check only for K-means algorithm.
To avoid the execution time anomalies [2] the experiments were performed for data sizes sufficiently larger than CPU cache size and smaller than the main memory limits for strong scalability analysis and for weak scalability analysis the problem size increased proportionally to the number of used processors. Because the experiments were performed in a multi-user environment the execution times depended on computer load, therefore the presented results are the averages from the series of 10 identical experiments performed. Moreover the results of measurement lying in the distance above 1.5 interquartile range of the whole series were treated as erroneous and omitted, and the measurement was repeated. To evaluate the accuracy of the new method the relative error defined as
S−S S
where S is the actual speedup and S is the estimated one has been used. Moreover because of way in which different times have been measured for speedup calculation instead of granularity isogranularity defined as (G iso = t comp /t overhead ) was used.
K-means is one of the algorithms that is used for solving the clustering problem [9] . It classifies a given data set into defined fixed number of clusters k (predefined). In the first algorithm's step so called centroids for each cluster should be chosen -one for each cluster. These centroids can be defined in random way however the better choice is to place them as much as possible far away from each other. In the next step all points from the data set are assign to the nearest centroid. After completion of this step the new centroids for each cluster are calculated using the means metrics for the created clusters. Then we repeated the second step using these new centroids. The process is continue as long as the differences between coordinates of new and old centroids are satisfied. Alternatively the process can be finished after predefined number of iterations.
The above algorithm was parallelized in the following simple way. The chosen processor reads input data, and then distributes them to other processors. Each processor received N/p data, when p is a number of available processors and N is the number of input data. Then each processor generates the appropriate number of centroids and exchanges information about them with other processors. After completion of above step each processor has information about all the centroids and performs the second step of the sequential algorithm. In the next step each processor calculates the data necessary to calculate new centroids (the number of point in each cluster and sums of points coordinates) and exchange this information with other processors. Then the new centroids are calculated, in parallel by all processors (execution replication), and again the process returns to the second step of sequential algorithm. The algorithm ends when the stop criterion is met. Then the chosen processor collects clustering results from other processors and merge them. Description of Monte Carlo method is skiped because of the common knowledge about it and the lack of space.
Below the results of experiments performed to check the strong scalability of k-means algorithm and Monte Carlo methods are presented. In the experiments performed for K-means algorithm different data set sizes were used. The number of generated clusters was 1024 during all tests. Moreover different hardware configurations by means different number of cores from each processor were used. Received results are presented on figures 1, 2, 3, 4. The first test was performed using 2 cores from 2, 4, 8, 16, 32 and 64 processors, its results are presented on figure 1. As can be seen the actual speedup and estimated speedup are very close, however when the size of data set is equal 245760 there are large differences between actual and estimated speedup and the precise relative error is even over 16% when using 128 cores, for other cases is less than 5%.
In the second test 4, 8, 16, 32, 64, 128 and 512 processing units (cores), four from each processor were used. Results of this test are presented on figure 2. As previously can be seen that the actual speedup and estimated speedup are very close. In general the precise relative error was less then 2%, however for problem size 1966080 was slightly larger when using 512 cores.
In the third test 8, 16, 32, 64, 128, 256, 512 and 2048 processing units (cores), eight from each processor were used. Results of this test are presented on figure  3 . In this test results are really satisfied, the precise relative error were between 1% and 2%. In the last test performed for K-means algorithm 16, 32, 64, 128, 256, 512, 1024 and 4096 processing units (cores), sixteen from each processor were used. Results of this test are presented on figure 4. As during the previous tests the results were very good, the precise relative error values were between 0,2% and 6%, only for problem size equals 7864320 for 4096 processing unites was larger, close to 15%.
In the experiments performed for Monte Carlo method different data set sizes were used. Moreover different hardware configurations by means different number of cores from each processor were used. Received results are presented on figures 5, 6. Results obtained for Monte Carlo methods similarly as for k-means algorithm are very promising, the shape of diagrams are very close and the precise relative error was not larger than 5% in all cases. Considering the strong scalability we can conclude that results of experiments show that both algorithms are scalable in the limits of defined by the limits of performed tests.
Experimental results -weak scalability
During test related to cheking weak scalability for k-means algorithm 8, 16, 32, 64, 128, 256, and 512 processing units (cores) randomly chosen have been used. Problem sizes were from 122880 to 31457280 to satisfy requirements that during program execution each processing unit should used the same amount of data. Typically weak scalability is presented as a diagram using scaling efficiency. In the paper we present it in different way proposed in the paper [10] by presenting execution time and speedup in the tables ( Table 1, Table 2 ). From the Table 1 , we can observe that for a problem size 983040 the run time on 8 procesors equeals 22,24 sec., then when 32 procesors are used and problem size is increased to 1966080, the run time is very close 23,13 sec. Similarly for 128 processors and problem size equeals 3932160 the run time is 22,07 sec. Therefore we can conclude that the speedup is scaling from 7,94 to 125,78 for workload from 983040 to 3932160 when 128 instead 8 processors are available.
Conclusions and future work
In the paper the new way of scalability evaluation of parallel application is proposed. Utilizing the separate measurements of wall-clock time and CPU time, it offers the possibility to estimate the application speedup and efficiency using only the measurement for a single, parallel execution. For the method to be successful it requires only the readily available data, without the need of installation of additional software or application modifications. The experiments performed proved that the estimation accuracy is sensitive to the simplifying assumption taken. For all analysed algorithms the results obtained are similar: the shape of diagrams is similar and the value of speedup is close. In the future works a broader class of algorithms will be taken into consideration, as well as improving the way of weak scalability evaluation will be considered.
